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ABSTRACT
A thick aluminum block placed between the pole pieces of a magnet was
irradiated with 300~-GeV protons. Responses of activation foils and dosimeters
placed around the magnet and inside the gap were measured to sfudy the pro-
pagation of high-energy cascades. Predictions of two different Monte Carlo

calculations agree well with these measurements,
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I. INTRODUCTION

Shielding around the high-energy accelerators and experimental areas
of Fermilab and at CERN has been designed with the help of Monte Carlo
{MC) ca\.lr:.ula’cionsi_5 which simulate the development of hadronic cascades
in bulk matter. These calculations, while sharing a large amount of common
information, -differ in their prescription of particle production in the inter-
actions of hadrons with 'nuclei as well as in computational techniques. While
comparisons of calculations with experiments for 30-GeV protons incident
on a beam dumps’ 6 are satisfactory, it is still necessary to make verifi-
cations at higher energies. A recent experiment? measured the temperature
rise when 300-GeV protons were incident on targets of various materials.
Calculations agree quite well with the results. However, because of the
slender dimensions of the targets it reveals very little about the radial
development of the cascade. The present experiment takes the comparison
a significant step further in this direction.

A beam of 300~-GeV protons was incident on a thick aluminum block
placed between the pole pieces of a standard bending magnet. Sets of dosim-
eters and activation foils were placed at various locations outside and inside
the magnet. The responses of these detectors are compared with those pre-
dicted by calculations. There is generally quite satisfactory agreement

between measurements and calculations,

II. EXPERIMENTAL
A 300-cm long Fermilab external beam bending magnet was installed

in the pretarget hall of the Fermilab Neutrino Facility. An aluminum target
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block 20.3-cm long and 3.2 X 8,3 cm® in cross section was placed 20 cm
dowmstream from the upsiream face of the magnet. The target blocked
almost the entire aperture of the vacuum chamber of the magnet. 'The
detectors were placed at regular intervals along each of four lines parallel

to the magnet axis. Figure 1 is a simplified diagram of the geometry'. The
lateral positions of the four lines are indicated. The location of the detectors
along the beam directions may be read off the graphs showing the results.

The activation foils used were aluminum (for measurement of isF and
2‘}"Na), copper (24'Na, 52'Mn), polyethylene (“C), and tefion (18F). Dose
delivered during the irradiation was measured using hydrogen pressure
dosimeters, 8 radiophotoluminescent glass dosimeters, ? and thermolumines-
cent dosimeters (TLD's) in the form of 6LiF and 7LiF pairs. The detectors
placed inside the magnet (positions VC and B in Fig. 1} were mounted on
wooden slats. This is illustrated in detail in Fig. 2.

A packet of beam monitor foils was placed 120 ¢m upstream of the
target. One of each of the detector foils was present, separated by thin
polyethylene foils. The entire packet was about 0.55 g/ cm"2 th;’.ck- The pur-
pose of these foils was to facilitate data analysis. Calculations indicate that
beam interactions in the monitor foils contributed significantly to the acti-
vation in foils located close to the ﬁpstream end of the magnet. From the
agsumed production cross section of 24‘Na. in copper (4.0 mb)“l0 it was esti-
mated that a total of 4.5 X 1014 protons were incident on the monitor packet.
The beam intensity varied considerably during the run, as witnessed by the
variation in current of an air filled ionization chamber which was located in

a nearby access labyrinth during the irradiation (see Fig. 3).
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An estimate of the position and spatial extent of the beam was provided
by autoradiographs of the aluminum target block. This showed the beam to
be off center by about 0.9 cm. The beam was seen to be roughly circular
with a radius of 0.4 cm. A rough idea of the extent and magnitude of beam
haloc was obtained by measuring activation of foil packets of Al (24Na) and
teflon (18F) located at radial distances of 7.5 cm and 12.2 cm (in each of two
azimuthal directions) just upstream of the monitor foil packet. Assuming
the same production cross section for the halo particles as for high-energy
protons, the resulis correspond to about 3.6 X :l010 protons cm_2 and
2.3 X 1010 protons cm_2 at radii of 7.5 ecm and 12.2 em respectively, with
close agreement between results in the two different azimuthal directions.
Calculations indicate that the halo was the largest source of activation in
the detector foils upstream of the aluminum block,

Radioactivities of the species sought for in the foils were assayed
using a 3 X 3-in. Nal(Tl) crystal connected to a dual single channel analyzer
and/or a large (10% efficiency) Ge (Li) detector connected to a 4 K channel
pulse height analyzer. The activities of the detector foils were compared
directly with that of the same foil in the monitor foil packet. From the
known or estimated activation cross section of the incident protons the results
are then readily expressed in units of atoms produced by one incident proton
per cm3 of target foil. Decay corrections to the measurements were made
using the program CLSQ. 1

Exposure levels on contact due to remanent radioactivity of the magnet
were measured with natural-LiF TLD's during a period from 60 to 115

minutes following the irradiation.
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1. RESULTS

Results of the experiment are shown in Figs. 4-8 (along with calcu-
lated results, discussed below). Beam-on dose responses are plotted as a
function of distance along the beam for each of the four lateral positions in
Fig. 4 (and reproduced in Fig. 7). When presented in this fashion the
familiar "transition curve' shape is apparent in each case. In line with
past experience, 12 where two or more dosimeter responses are measured
at a common location they agree within a factor of two.

Net remanent exposure rates are shown in Fig. 5 (and Fig. 8), As
expected, they also resemble the familiar transition curves.

The results of the activation detector measurements are presented in
Fig. 6. Again they may be broadly described as transition curves with
detailed shapes depending upon location and type of reaction studied. The
similarity in the production probability of iSF from aluminum and SZMn
from copper is perhaps worth pointing out. The fact that their ratio is, to
very good approximation, the same everywhere is a consequence of the close
similarity of their excitation functions. More accidentally, thi; ratio is very

close to unity in the units adopted here.

IV. CALCULATIONS
A. CYLKAZ and MAGKA.
The MC codes used at CERN to evaluate radiation problems are based
on empirical formulae to describe particle production in particle -nucieus
collisions. These are in good agreement with experiments where checks

have been made. The main uncertainty lies in the production of particles
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with low momenta in the 1abor.a1:ory system. 2 Presently there are no
reliable data or theoretical models available to describe this. Among the
outputs of these calculations are star (nuclear interaction) densities and
density of energy deposition (dose).

The present experimental data on integral dose during irradiation and
on remanent exposure rate are compared with results from two different
codes: CYLKAZ and MAGKA. Both these programs assume cylindrical
symmetry.

In MAGKA the geometry is that of a hollow cylinder with a target
placed on the cylinder axis. Both the target and the cylinder are assumed
to be of iron. The target is 9-cm long and 2 or 0.75 cm in radius for the
positions VC, B, U, and S respectively. These represent the target dimen-
sions of the experiment scaled by the ratio of the interaction léngths of
aluminum and iron. The doses at position VC {Fig. 1) were calculated from
the energy deposition recorded in a radial region between 8 and 8.5 cm during
a MC run for a hollow cylinder with inner radius (ri) of Tem. Dosesat B
and U are estimated with r, = 14 cm in the radial regions 14-14.5 cm and
21-21.5 cm respectively. At position S the doses are evaluated with Ty = 3
em between 17 and 17.5 cm in the radial direction.

In the program CYLKAZ for the VC, B, and U positions the assumed
geometry consisted of two concentric cylindrical shells of iron with inner
and outer radii of 7-7.5 cm and 14-20 c¢m respectively, and an aluminum
target of 4-cm radius present between 18 and 38 cm from the upstream face

of the magnet. For the S position there is only one shell of iron with inner
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and outer radii of 2-16 cm and an Al target of 1.5-cm radius. The doses
at positions of VC, B, U, and S were evaluated in 0.5-cm wide radial bins
beginning at r = 7, 14, 19.5, and 15.5 cm respectively. The CYLKAZ cal-
culation, while in principle closer to the experimental geometry, proceeds
much slower than MAGKA, Hence results are statistically less valid.

The density of enérgy deposition as measured by the various dos-imeters
as well .a's calculated by both programs are plotted as a function of depth at
each of the four lateral locations in Fig. 4. CYLKAZ can be seen to under-
estimate the dose at small radii while MAGKA is in better agreement there.
The differences may well be largely statistical in origin. In neither cal-
culation was any correction applied for beam halo or interactions of the beam
with the monitor foils. Their inclusion might well improve the fit.

The calculated star densities may be used to make predictions of
remanent exposure rate. This assumes that the remanent exposure rate is
proportional to the star density. The constant of proportionality is related
to the length of irradiation (including variations of intensity with time),
cooling time, and fo the calculational model {in particular the lc-)w momentum

13-4 .
cutoff). 3-15 For MAGKA. with threshold set at 0.3 GeV it was assumed that:

Exposure Rate = 2_10-7 X Star Density X Incident Flux

. . -1
for the exposure rate in units of (Roentgen h '), the star density expressed
-3 -1 -1
as (stars, cm , proton ), and the incident flux as (protons sec ).
The comparisons are shown in Fig. 5. Where calculated results are

statistically meaningful they are also in satisfactory agreement with experi-

ment.



B. CASIM.

Fermilab's MC program, CASIM, 3 relies on the Hagedorn-Ranft
particle production model16 plus a semiempirical formula describing
production of low-energy secondaries. 2 It makes extensive use of weighting
and averaging techniques. CASIM may be adapted to arbitrary geometries
and may be biased to optimize computer time usage.

To calculate the radioactivity induced in the foils a geometry close to
the actual one was used. Dimensions and materials were essentially as in .
Fig. 1 except that the magnet coils were assumed to be solid iron. However,
dosimeters, foils, mounting slats, and the vacuum chamber wall were either
ignored or reflected slight adjustments of the other dimensions. All foils
were assumed to be 20-cm long (in the beam direction), 2.5-c¢m wide and
infinitesimally thin (in the radial direction). The incident paﬁicles were
represented as a sum of three terms: (1) A 300-GeV proton beam of cir-
cular cross section {0.4-cm radius). The protons were uniformly distri-
buted within it. The center line of the beam was assumed to be parallel to
and displaced by 1 cm from the axis of the magnet in the direction of the
location B (see Fig. 1). (2) A broad halo represented by a Gaussian spatial
distribution fitted to the experimental data. The halo partic_les were assumed
to fravel parallel o the proton beam. Their type and momentum spectrum
were assumed to be such as produced in the collision of a 300-GeV proton
with an iron nucleus. (3) The particles resulting from collisions of the beam
in the monitor foil packet. Particle types, angles, and momenta were taken

from the distributions resulting from 300-GeV protons incident on aluminum.
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Although only the totals are reported here, the results for each component
were computed separately.
To estimate the amount of radionuclides of each species produced in

the foils, excitation functions for the various reactions were stored in the

computer for reference during the MC sin_nulation. For incident protons, all
of the reactions have been studied reasonably well over most of the energy
range of interest (except perhaps above 30 GeV, where they were assumed
to remain constant). The ones adopted in the present work were taken

17,48

o . 11
mostly from existing compilations. For incident neutrons ~ " C from

carbon and 2'4Nr=a from aluminum are sufficiently well known experimentally. 17
qu the production of 18F from fluorine by neutrons the cross section is

well known below 20 MeV; 19 above this it was assumed to be similar in

shape to that of C(n, X} MC. The remaining four excitation functions all
involve deep spallation and were assumed to be identical to those for protons.
For incident pions the excitation functions adopted did not distingﬁish between
charge states. The only reaction reasonably well studied is C(wi, X)

11 __ 18,20

+ 18 :
C For F(w , X) F the shape was assumed to be similar to the

C('rrd:, X) “C reaction but normalized to a few measured values. 21 For all
other nuclides the assumption was made that the production cross section
was equal to that for protons with a kinetic energy equal to the pion's total
energy. This is known to hold reasonably well for a number of spallation
products from copper by 65 MeV - and 7, including .52Mn. 22 For
reference, the basic excitation functions are shown in Fig. 9 in the same

abbreviated form as they were stored in the computer. All others were

derived from these in the prescribed manner.
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The results of the calculation for the activation detectors are shown in
Fig. 6. Considering the large uncertainties in assumed beam characteristics
and excitation functions the results are quite satisfac;cory. The reaction
Al(n, a) 2Aera. which has a large cross section at rather low energy (~10 MeV)
seems to yield the poorest fits, especially at large lateral distances. This
is not surprising since the calculational model cannot be expected to hold
well at such low energies. Rather large discrepancies persist also in the
region upstream of the target block. Here the problem rests likely with the
crude model describing the off~beam incident particles.

The same calculation which predicts radionuclide production also
computes the star density in iron for all hadrons above 0.3 GeV/c in
momentum as a function of location. The conversion factor relating this
star density to exposure rate was the same as the one used for the MAGKA
results above. The comparisons are shown in Fig. 7. Again the calculation
represents the results quite well. ]

A different calculation was performed to predict energy deposition.
Centered at each of the four lateral positions a block of material having an
infinitesimal density was introduced. Otherwise the geometry.was the same
as for the radionuclide production calculation. The low-density block, which
does not perturb the cascade development, simulates a small detector. The
block was divided into volumes measuring 20 cm along the beam direction
and ranging in size from 3 cmz {(VC) to 12 cm2 (U} perpendicular to the beam
direction, for the purpose of sampling the hadronic and electromagnetic .

showers. The error introduced by the larger extent of these detectors should
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be tolerable in view of the ofﬁér uncertainties. Figuré 8 shows the com-
parisons which here also are quite satisfactory.

From the nature of the MC calculation, resulis in neighboring locations
tend to be positively correlated. Caution must therefore be used in inter-
preting smoothness as lack of statistical error and also in trying to extrapo-

late resuitis beyond the bounds of the calculation.

V. CONCLUSIONS

At the highest accelerator energies presently available, b:::th the CERN
and Fermilab programs which are frequently called upon to evaluate shielding
designs and study related problems,r make predictions in good agreement with
the present experiment. It should be emphasized that these comparisons are
absolute, i.e., without any normalization between calculation and experiment.

While experimental checks over larger dimensions are awaited, the
results of the present comparisons along with those of earlier ones should
give confidence in the predictions of these programs when applied to different

problems in this energy range.
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